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Introduction

Background

Army Regulation 420-70, Buildings and Structures (HQDA 29 May 1992), re-
quires the inspection of trusses, roof framing, and other structural items every 2
to 5 years. In some cases, detailed evaluations of heavy wood structures are
needed as subsequent steps of inspection to check structural integrity under de-

- sign loads specified by current building codes.

The original allowable stresses of typical species of wood materials may be re-
duced significantly due to changes in code requirements and material condi-
tions. Many wooden structures were built per old National Design Specifica-
tions (NDS), which have changed several times since 1956 with respect to allow- .
able stresses in wood. For example, the 1982 NDS code reduced allowable val-
ues for bending, tension, shear, and compression stresses in wood members by a
minimum of 7, 46, 29, and 13 percent, respectively. Moreover, physical damage
as manifested in splits and decay will reduce the structural capacity of a mem-
ber. Allowable stresses for such members are not easily quantified.

‘Developing “an ‘accurate evaluation procedure depends on the computation of

member stress demand with respect to its stress capacity. A comprehensive
evaluation procedure must consider all of the parameters that describe the ex-
isting conditions of the structure’s materials that may increase or decrease the
actual and allowable stresses.

Any procedure used to evaluate the condition of wood structures must be based ;- -

on methods that appropriately define the structural behavior of wood and wood
based materials. The most productive methods to obtain the real properties of
wood material use nondestructive techniques. Several nondestructive methods
to determine the mechanical properties of existing wood and wood-based mem-
bers are now commercially available, and should be evaluated for overall effec-
tiveness and feasibility in application to structural wood.

One critical issue in the performance of wood structures is the connectivity of
wood members. Joints and connections in wood structures are susceptible to
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failure and are often seen as the cause of a structure’s overall failure. It is also
necessary to model wood structures to reproduce the behavior of prototypes and
their components. Although truss joints are designed as pin connections, joints
possess some level of rotational capacity that can influence the response of
structures to loads and change the response from that of a true truss to that of a
frame. As a result, the rotational capacities of common joint details must be in-.
vestigated to ascertain their rotational stiffness.

Objective

The objective of this work was to develop a complete, detailed structural evalua-
tion procedure for wood trusses and other support members, to ensure their

structural adequacy.

Approach

1. National Design Specifications, first issued in 1944, were compared with
current codes. '

2. Allowable stresses of typical species of wood materials were determined.

3. Methods for employing nondestructive tests to determine basic materials
properties of existing wood structures were investigated.

4.  Issues related to modeling of wood structures to reproduce the behavior
of prototypes were investigated. The two most important issues were:

a. " Determining the mechanical properties of existing members
b. Determining the rotational properties of existing members.

5. The rotational capacity of joints was investigated.
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2 Evaluation and Specifications for Wood
Structures

Wood Evaluation

Several different factors can prompt the need for an evaluation of the

load-carrying capability of a timber structure, including:

‘e - partial or complete collapse of the structure

e development of a state of unserviceability of the structure due to excessive .

deflection, vibration, or cracking

e changes in the use of the structure

. éhanges in the applicable building code, particularly with respect to pre-

scribed loads

e fire damage

¢ and reduction in the strength of wood structural members due to damage, ...
modifications, partial failure, deformation, decay, insect attack or settlement

of the structure.

Figure 1 flowcharts the reasons reported for conducting evaluation.

The selection of .approaches and methods for use in structural evaluation is
somewhat influenced by the specific reason for carrying out the evaluation.

However, there are four distinct phases:

1. Inspection of the condition of members and connections, and of the structural

environment

2. Determination of the loads on the structure

3. Structural analysis, e.g., finite element analysis, to determine the effects of

loads on individual members and connections

4. Assessment of the ability of members and connections to resist the applied

loads.
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These evaluation steps may be followed by design of reinforcement or by specifi-
cation of use or occupancy restrictions if the structure proves to be unsafe or un-
serviceable.

Inspection

Although the inspection of timber structures is not within the scope of this re-

port, a few points are worth emphasizing here. Regardless of whether the struc-

ture is a building (residential, commercial, agricultural or public), a bridge, a
retaining wall, a cooling tower, or any other type, several specific items must
form the basis of the inspection:

1. The condition of the wood and connections must be ascertained to judge
whether they are as sound or as good as when new. The quality of the wood
and other elements must be determined in a manner that permits assign-
ment of safe or reasonable allowable ‘stresses. For timber, this usually

means that the species must be determined and the individual members

must be graded according to one of the current visual stress grading rules.

2. The dimensions of the individual elements and of the structure in general
are required to permit a structural analysis. Where structural drawings are
available, the existing layout and dimensions may be checked against these

drawings. Where drawings are not available, the inspection must include a

survey of all relevant dimensions.

3. The service environment of the structure must be noted so that allowable

stresses may be properly assigned. Where environments are unusual or se-

- vere in terms of temperature, moisture, acidity or proximity to soil, the con-

ditions should be carefully noted along with the type and degree of protection
that has been or can be provided for the wood.

4. Any information related to the magnitude and distribution of loads on the
structure should be obtained at the time of inspection. This information
must include a listing of the building materials to calculate dead loads, and
any features that might affect the magnitude or distribution of superimposed
loads.

Determination of Loads

In preparation for the structural analysis phase of an evaluation, it is necessary
to have a complete description of the loads that act or might reasonably be ex-
pected to act on a structure during its service life. The load types and their
sources are: ' .
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1. Dead loads include the weights of all permanent materials in or on the struc-
ture, including such items as framing members, connections, deck, flooring,
roofing, walls, mechanical equipment, and electrical systems. Many struc-
tures support permanent fixtures that do not fall into any of the above classi-
fications. These too must be taken into account.

2. Loads due to occupancy and use are determined in relation to the intended
purpose of the structure. Floor loads may vary greatly depending on the in-
tended structural use. '

3. Snow loads govern the design of many roof structures in areas other than the - -
southern States. Recommended snow loads for various localities are pro-
vided by building officials or by the model codes. These recommended loads
are based on observations of snow depth on the ground. Consideration must
also be given to local snow loads due to drift of snow that is influenced by the
orientation of the structure relative to the direction of snow blow.

4. Wind loads govern the design of many structures. Much of the annual dam-
age to structures is caused by wind.

5. Earthquake loads sometimes govern the design of timber structures if all
other potential loads have been properly taken into account. Nonetheless,
all structures should be designed to resist moderate earthquakes without
significant damage and to resist major earthquakes without collapse.

6. Rain loads occur on roofs where insufficient allowance has been made for
drainage.

7. Other loads that may act on structural elements include those due to ther-
mal or hygroscopic expansion (humidity), differential settlement of founda-
tions, and pre- or post-tensioning systems.

Structural Analysis

In evaluating a structure, the structural analysis is used to determine what
types and magnitudes of forces are applied to the individual elements by the -
loads on the structures, and the stresses and deformations produced in the ele-

ments by the applied forces.

To perform the structural analysis, it is necessary to model the structure in a
way that realistically reflects the response of the entire assembly to the applied
loads. The model must include an accurate geometric analog and must be able
to deflect in proportion to the stiffnesses of the actual components.
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The following design parameters are usually calculated in the analysis of timber
structures. This list is not exhaustive, but should form a reasonable starting
point for any particular structure:

1.

Lumber decking: deflection and bending stress using appropriate assump- |

tions of continuity based on deck-laying patterns, bearing stress, shear stress
(necessary only if the decking is laid on edge rather than flat), stress reversal
due to wind uplift, localized high wind suctions at edges of a structure, and
ability of fasteners to resist uplift forces on decking due to wind suction.

Joists and purlins: bending stress, shear stress, bearing stress, deflection,
and lateral stability. On a sloping or curved roof, oblique joists or purlins
should be analyzed for biaxial bending except where there exists some other
means of resisting the component of load in the plane of the roof, as by dia-
phragm action, by blocking to the eaves, or by attaching tie rods to the ridge
beam. :

Diaphragms and shear walls: nail forces due to shear and flexure, axial
stress in eave and ridge members, racking loads in “web” materials.

Beams and girders: bending stress, shear stress, bearing stress at supports
and at points of concentrated applied loads, deflection, additional normal
stress due to axial forces applied to beams, lateral stability, stress reversals.

Compression members: slenderness in two planes, axial compression stress,
bending due to end moments, eccentric compression forces or transverse
bending, possibility of axial stress reversal due to uplift, and capacity of lat-
eral supports to provide a minimum of 4 to 5 percent of the axial capacity of
the member.

Connections: check various possible directions of load application. Note that
friction should never be considered as a contributor to the capacity of a joint
because its contribution cannot be counted on at all times, if drying shrink-
age occurs, friction can be greatly diminished. However, in analyzing a col-
lapse, the possible role of friction should be taken into account.

Axial stresses in bracing members.

Foundations: horizontal and vertical reaction forces including possible uplift
forces.

Estimating Load-Carrying Capacity of Structural Elements

The final step in the evaluation of a structural member is to check its ability to
resist the applied loads while maintaining a reasonable factor of safety against
failure and to check that deflections are within recommended values. The suc-
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cessful completion of this step for any member assumes that the forces and
stresses have been accurately calculated and that the allowable stresses and
modulus of elasticity for the member are known. When the loading history on a
given structural member is not known with any accuracy and if the member is
used under a new loading condition for which it was not originally intended, 90
percent of the normal design stress values otherwise permitted is recommended. ... -
It is also important to know the date the structure was designed and built when
trying to assess the allowable design stresses and principles used in the design

as both have changed materially over the past 25 years.

Also note that lumber sizes are generally smaller than they were 30 years ago.
Prior to 1968, the Standard Dressed (S4S) Sizes of lumber were obtained by
simply subtracting 8/8 in. (1 in. = 25.4 mm) from both the nominal width and
the depth dimensions for those dimensions 4 in. or less or by subtracting % in.
for any larger dimension. After 1968, actual sizes were obtained by subtracting
Y in. from all nominal dimensions.

For example, for a 2 x 8 in. in 1991, the approximate changes in cross-sectional
properties from those of a 2 x 8 prior to 1968 are:

Cross-sectional area:.........ccceeeccineeeienssssnecescssssnnnneens 11 percent less
Section Modulus:.........ccceeeeeeirininiinnnenenreerieeninnns <eeiee.. 14 percent less
Moment of inertia: .......ceceeeeeecieiniiinnrnnnneneeneierneeeeeeneens 17 percent less

Surface appearance of wood can be deceptive. Decay may have begun through
the end grain and may not be readily apparent. It may be necessary to take
small wood cores with an increment borer for visual examination. It is highly
recommended that all test holes in members exposed to adverse conditions be
plugged with treated wood plugs or dowels so as not to introduce decay at these

locations.

Changes to the National Design Specification for Wood Construction
1944-1991 '

The National Design Specification for Wood Construction (NDS) was first pub-
lished in 1944 by the National Lumber Manufacturers Association (now the
American Forest and Paper Association) under the title National Design Specifi-
cation for Stress-Grade Lumber and Its Fastenings. Since then, 17 editions have
been published (1944, 1947, 1948, 1950, 1951, 1952, 1953, 1957, 1960, 1962,
1968, 1971, 1973, 1977, 1982, 1986, and 1991). The NDS has gone through some
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rather significant changes in its 47 years that can be organized into several
categories. These categories, as they relate to sawn lumber trusses, include
General Design Requirements and Scope, Modifications to the Design Values,
Design Provisions and Equations, and Mechanical Fasteners, Lumber Sizes, and
Design Values. )

General Design Requirements and Scope

The 1944 NDS was strictly based on an allowable stress design procedure using ..
an elastic stress-strain theory for calculating induced stresses. This design pro- .

cedure remained unchanged from the original edition of the code through the
present 1991 edition, although at the time of this report, work towards a specifi-
cation based on the Load and Resistance Factor Design method was well under
way. The scope of the NDS, though, changed over the years along with some of
the general design requirements. These design requirements include lumber
designations, design loads, and normal service conditions.

In 1944, the code provided design guidelines for visually graded sawn lumber
(stress-grade lumber), glued laminated structural members, and mechanical fas-
tenérs. In 1968, machine stress-rated lumber was added to the specification,
and by 1971, this scope broadened to include, in addition to the above, machine
stress-rated sawn lumber and round timber piles. The 1991 edition additionally
includes machine-evaluated lumber.

The NDS subdivides the Sawn Lumber category into three subcategories: (1)
joists and planks, (2) beams and stringers, and (3) posts and timbers. In 1944,
these designations were defined as listed in Table 1.

In 1971, the designation “Joists and Planks” was renamed “Dimension Lumber”
and was redefined as lumber of the same thickness, but with a width 22 in. In
1977, the lumber designation of decking was added and the definitions were
modified (Table 2). -

Table 1. 1944 subcategories of joists and planks.

Lumber Designation | Requirements

Joists and Planks Rectangular cross-section from 2" to 5" thick, and =>4" wide

Beams and Stringers | Rectangular cross-section 25" thick, 2 8" wide, and graded with
respect to bending when loaded on the narrow face

Posts and Timbers Approximately square cross-section 25" x 5" and graded with respect
to longitudinal loading where bending strength not critical




16

USACERL TR 98/89

Table 2. 1977 lumber designations and modifications.

Lumber Designation Requirements

Dimension Rectangular cross-section from 2 to 4 in. thick, and >2in. wide

Beams and stringers Rectangular cross-section 25 in. thick, width more than 2 in. greater
than thickness, and graded with respect to bending when loaded on the
narrow face

Posts and timbers Approximately square cross-section 25 x 5 in., with width not more than

2 in. greater than the thickness, and graded with respect to longitudinal
loading where bending strength not critical ‘
Decking From 2 to 4 in. thick, and =6 in. wide, tongued and grooved or grooved
for a spline on the narrow face

These designations and definitions remained unchanged through the 1991 edi-
tion, with the exception that, starting with the 1991 code, there was no longer a
width restriction on the decking.

Throughout its history, the NDS prescribed no load combinations. Instead, it
stated that the design loads were to be “the most severe distribution, concentra-
tion, and combination of dead, live, snow, wind, earthquake, erection, and other
static and dynamic forces.” The only guidance that the code gave is that the
probabilities of the full wind and full snow loads or the full wind and full earth-
quake loads acting simultaneously are remote. The code also stated that the
magnitudes of the loads shall be in accordance with the governing building code.
These provisions in the NDS have remained unchanged since the original 1944

edition.

The material properties of wood are very sensitive to specific temperature, mois-

- ture condition, load duration, and type of pressure treatment in which the struc-

tural member is used. For this reason, the design values must be assigned with
respect to “Normal Conditions of Use” using modifications for service conditions
other than normal. These “Normal Conditions of Use” are defined in the 1944
code for lumber continuously dry (as in meost covered structures), pressure-
impregnated by an approved process and preservative, and subjected to long-
term (permanent) loading. The 1948 edition of the code modified the assump-
tions of normal loading duration. Normal loading duration was defined as a load-
that stresses the member to its full design value and has a duration of approxi-
mately 10 years (continuously or cumulatively). In 1962, the code included an
adjustment to the design values for lumber pressure-impregnated with fire-
retardant chemicals. Normal moisture condition was quantitatively defined for
the first time in the 1968 NDS for each specific wood species and grade, al-
though the vast majority assume a member surfaced dry or green and used at a
19 percent moisture content. In 1977, the effect of temperature was taken into
account and the NDS stated that the design values were valid for normal tem-
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perature fluctuations and occasional short-term heating up to 150 °F (°F = . [°C
x 1.8] + 32) The normal moisture condition was also more specifically defined:

1. An in-use moisture content <19 percent regardless of the type of sawn lum-
ber and the moisture content at the time of manufacture, OR

2. An in-use moisture content <15 percent applicable to 2 to 4 in. thick sawn -

lumber manufactured at a moisture content <15 percent.

These Normal Conditions of Use remain mostly unchanged through the 1991
edition. The only exception is that the normal moisture condition for sawn lum-
ber is now uniformly defined as an in-use moisture content <19 percent re-
" gardless of the type of sawn lumber and the moisture content at the time of
manufacture. Table 3 summarizes the Normal Conditions of Use for the 1991
NDS.

Adjustments to the Design Values

The most significant changes to the National Design Specification for Wood Con-

struction apply to the various adjustment factors for the tabulated design val-
ues. These adjustment factors can be grouped into two distinct categories: gen-. .

eral adjustment factors relating to the conditions of use and specific adjustment

factors relating to individual design values and the gebmetric properties of the

particular member. In this section, only those adjustment factors that relate to

the conditions of use will be discussed. Those adjustment factors that are asso-

ciated with specific design values and the geometric properties of a particular
member will be discussed in: “Design Provisions and Equations” (p 22).

The 1944 NDS cites only what are, in effect, load duration adjustments. These
adjustments are correlated to specific load cases (Table 4).

Table 3. 1991 Normal Conditions of Use descriptions.

Condition Normal Conditions of Use

Temperature Normal temperature fluctuations and occasional, short-
term heating up to 150 °F

Moisture condition An in use moisture content < 19% regardless of the type
of sawn lumber and the moisture content at the time of
manufacture

Load duration Aload that stresses the member to its full design value

and has a duration of approximately 10 years
(continuously or cumulatively)

Wood preservative treatment | A member pressure-impregnated by an approved process
and preservative

Fire retardent treatment A member not treated with fire retardent chemicals
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Table 4. 1944 load duration adjustment factors.

Load Case Adjustment Factor

Dead Load + Temporary Snow Load 1.15

Dead Load + Permanent Snow Load 1.00

Dead Load + Wind or Earthquake Load 1.50

Dead Load + Short-term Load (<5 minutes) 1.50

Dead Load + Live Load + Wind Load 1.50

Impact If the stresses induced by impact loads are less
than the design vaiues for permanent loads AND
Impact + Dead + Long-term Live and/or Short-term
Live are less than twice the design values for
permanent loads

The above adjustments are not cumulative and apply to all design values except
modulus of elasticity. The code also provides for an adjustment factor of 1.50 for
horizontal shear in joint details. In 1948, the load duration adjustment factors
were revised and remained unchanged until the 1991 edition (Table 5).

The load duration adjustment factors above are not cumulative with respect to
each other, but do apply in combination with the other factors (this holds true
through the 1991 NDS). Additionally, adjustment factors, for the design value of
compression perpendicular to grain, of 1.10 for seasoned lumber used under con-
tinuously dry conditions and 0.90 for lumber used under continuously wet condi-
tions were added. The 1951 code revised these adjustment factors to 0.67 for
lumber used under continuously wet conditions and eliminated the provision for
seasoned lumber used under continuously dry conditions. An adjustment factor
of 0.90 for compression parallel to grain in members under continuously wet
service conditions was added in 1953. In 1957, the design value of end grain in
bearing parallel to grain was added with an adjustment factor, for service condi-
tions other than normal, of 0.77 for members less than 4 in. thick and 0.91 for
members more than 4 in. thick. The code also included an adjustment factor of
0.90 for the modulus of elasticity of members under continuously wet service
conditions. The 1962 revision added an adjustment factor for all design values
of 0.90 for members pressure-impregnated with fire-retardant chemicals. The:
stresses resulting from this adjustment are subject to the duration of load ad-
justments. In 1968, there was a major change with respect to the adjustment
factors for moisture conditions other than normal. Table 6 summarizes these

adjustment factors.

The 1973 revision made only a few minor additions to the adjustment factors.
These included additional adjustment factors, applicable only to Redwoods, of
1.15 for the design value of compression parallel to grain, and 1.04 for the design
value of modulus of elasticity. There was also a clarification that provided an
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adjustment factor of 1.50 to the design value for shear as applied to joint details
with mechanical fasteners at a distance greater than 5 times the depth from the
end of the member. The total shear, though, was not to exceed the design value

on the basis of the full cross section without this adjustment factor. The 1977

edition of the code introduced adjustment factors for different temperature con-

ditions along with minor changes and additions to the adjustment factors from. ...

the previous edition. Table 7 summarizes the temperature adjustment factors.
In addition, the NDS revised the adjustment factor due to impact loads to state

that any impact loads require an adjustment factor of 2.00 (the NDS no longer ..

differentiates between impact induced stresses greater than and less than those

induced by normal loading).
Table 5. 1948 revisions of load duration adjustment factors.
‘ Adjustment

Load Duration Factor

1 Any-ioad with a duration not exceeding 2 months, as for snow (not applicable to E) 1.15 -
Any load with a duration not exceeding 7 days (not applicable to E) 1.25
Any wind or earthquake loads (not applicable to E) 1.33 /4
Impact loads where induced stress due to impact > induced stress due to normal 2.00
loading (not applicable to E)
Impact loads where induced stress due to impact < induced stress due to normal 1.00
loading (not applicable to E)
Members fully stressed to their maximum design value for many years (not 0.90
applicable to E) . o

Table 6. 1968 modifications to adjustment factors for abnormal moisture conditions.

Lumber Size Extreme Tension Horizontal | Compression | Compression | Modulus of
and Service Fiber in Parallel to | Shear Perpendicular | Parallel to Elasticity
Condition Bending Grain to Grain Grain
2-4-in. Thick .
Moisture Content 1.08 1.08 1.05 1.00 1.17 1.05
<15%
2-4-in. Thick
Moisture Content 0.86 0.84 0.97 0.67 0.70 0.97
>19%
>5-in. Thick
Moisture Content 1.00 1.00 1.00 0.67 0.91 1.00
>19%

Table 7. 1977 temperature adjustment factors.
Service Condition Adjustment Factor
0% moisture content, cooling below 68 °F For E: +0.04%/°F for other design values: +0.17%/ °F
0% moisture content, heating above 68 °F For E: -0.04%/°F for other design values: -0.17%/ °F
12% moisture content, cooling below 68 °F For E: +0.14%/°F for other design values: +0.32%/ °F
12% moisture content, heating above 68 °F For E: -0.19%/°F for other design values: -0.49%/ °F
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They additionally state that, for impact loads on members pressure impregnated
with preservative salts to the heavy retentions required for marine exposures,
the adjustment factor shall be 1.00. The final change in 1977 was that the ad-
justment factor for members pressure impregnated with fire retardant chemi-
cals also applies to fastener details. In 1982, there were once again a few minor
revisions to the adjustment factors. The temperature adjustment factor for the
modulus of elasticity for 12 percent moisture content, cooling below 68 °F was
changed to +0.15 percent/°F, and for the modulus of elasticity for 12 percent -
moisture content, heating above 68 °F was changed to -0.21 percent/°F. The only
other change was that an adjustment factor for impact loads on members pres- -
sure impregnated with fire retardant chemicals was added with a value of 1.00.
In the 1986 edition, the adjustment factors for temperature became more com-
prehensive, with a provision for 24 percent moisture content (Table 8). In addi-
tion to the above, the code also more specifically defines the adjustment factor
for lumber pressure impregnated with fire retardant chemicals (Table 9):

In 1991, several major changes were made to the adjustment factors in addition . .
to a more understandable system for the applicability of these adjustment fac-
tors. Table 10 summarizes the applicability of the adjustment factors to the de- -
sign values, where F, is the bending design value, F, the tension design value. .-
parallel to grain, F, the shear design value parallel to grain, .. the compression
design value perpendicular to grain, F, the compression design value parallel to
grain, E the modulus of elasticity, and F, the bearing design value. The allow-
able design values are then obtained by multiplying the tabulated design values - ..
by all applicable adjustment factors.

The load duration adjustment factors remained unchanged except for wind and
earthquake loading, which changed to 1.6. The adjustment factor for moisture
service condition was simplified to provide for two distinct situations, dry or wet.
Similarly, the adjustment factor for temperature service conditions was simpli-
fied to reflect specific temperature ranges. Finally, the adjustment factor for
members pressure impregnated with fire retardant chemicals was no longer..
quantified, but rather, the designer was referred to the chemical manufacturer
for the effect on the design values. Tables 11 to 13 give a full summary of the
adjustment factors due to the various service conditions. .
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Table 8. 1986 modifications to temperature adjustment factors for range of moisture

contents.
Design Value Moisture Content Cooling below 68°F Heating above 68°F
Modulus of 0% +0.09%/°F -0.11%/°F
Elasticity, 12% +0.13%/°F -0.13%/°F
Tension paralle! 24% +0.38%/°F -0.15%/°F
| to grain
Other design 0% +0.14%/°F -0.19%/°F
values and 12% +0.24%/°F -0.38%/°F
fasteners 24% +0.84%/°F -0.57%/°F
Table 9. 1986 adjustment factors for lumber pressure
impregnated with fire retardant chemicals.
Design Value Adjustment Factor
Extreme fiber in bending 0.85
Tension paralle! to grain 0.80
Horizontal shear 0.90
Compression perpendicular to grain 0.90
Compression parallel to grain 0.90
Modulus of elasticity 0.90
Fastener design loads 0.90
Table 10. 1991 applicability of adjustment factors.
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Table 11. Load duration factor (CD)

Load Duration C, Typical Design Loads
Permanent 0.9 Dead load

10 years 1.0 Occupancy live load

2 months 1.15 | Snow load

7 days 1.25 | Construction load

10 minutes 1.6 Wind/earthquake load
Impact 2.0 Impact load

Table 12. Wet service factor (CM).

F, F_|F F. |F E
0.85when (F,)(C,) <1150psi, | 1.0 | 0.97 0.67 | 0.80when (F,)(C,) <750psi, | 0.90
C=1.0 C,=1.0 _
Table 13. Temperature factor (Ct).
C
Design In Service
Values Moisture Conditions | T<100°F | 100°F<T<125°F | 125 °F<T<150°F
F, E Wet or Dry 1.0 0.9 0.9
F,, Fy, Fe, Dry 1.0 0.8 0.7
and F, Wet 1.0 0.7 0.5

Design Provisions and Equations

The 1944 edition of the National Design Specification for Wood Construction re-

lied on the Allowable Stress Design method in conjunction with elastic stress- -

strain theory. The code demanded that the induced stresses not exceed the al-
lowable design values multiplied by the appropriate adjustment factors. Note:
for simplicity, the notation adopted by the 1991 edition of the code will be used
for describing the equations from the other editions). This remained unchanged
through the 1991 edition. The design equations and provisions can be divided
into the categories of bending members, columns, beam-columns, tension mem-
bers, bearing requirements, and bracing requirements. These basic divisions
are consistent from the original code through the 1991 edition. In 1944, the
general flexural design equation for calculating the induced extreme fiber stress
was:

[Eq 1]

where:

the applied moment

=
N

the section modulus.

€2]
n
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A provision for bending members of circular cross section states that their
strength is equal to an equivalent bending member of square cross section. The
. general design equation for calculating the induced horizontal shear stress at
the neutral axis was given as:

Vo
fr= Tb—
[Eq 2]
where:
V = the applied vertical shear force
Q = the first moment of the area above or below the neutral axis
about the neutral axis ‘
I = the moment of inertia

b = the width of bending member at the neutral axis.

When determining the applied shear force for checked beams, the code provided
the following equations for concentrated and distributed loads that take into ac-
" count the stress redistribution effects associated with such beams:

10P(I - x)(x/d)*
T 1[2 +(x/ d)z] for concentrated loads

[Eq3]
2d o

V=—"I1- A for uniformly distributed loads

[Eq 4]

where:

= value of the concentrated load

1 = span

x = distance from the reaction to the concentrated load
d = depth of the beam

W = total value of the uniform load.

The design value of compression perpendicular to grain applied to bearings of
any length at the ends of the member and to all bearings greater than 6 in. in
length at any other location. For bearings less than 6 in. in length and more
than 3 in. from the end of the member, the code provides the adjustment factor: -

J +0375
b [Eq 5]

where 1 = thelength of the bearing.
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Column design in the 1944 code was divided into two separate column types,
simple columns and spaced columns each with slightly different design provi-
sions. The equations for the allowable design values for simple columns were
based on the column slenderness ratio, /d, and a constant K, which is dependent
on the design values E and F. K is the slenderness ratio at which a column

transitions from an intermediate length column to a long column. These design ...

equations were defined as:

Short Columns (I/d < 11):
F=F | [Eq 6]

T 2V\5F \/F 4
¢ ¢ [Eq 7]

[Eq 8]
where:
P = totalload
A = cross sectional area
1 = unbraced length of column
d = .smallest side dimension of column.
Long Columns (K=Vd):
, 0329E ,
c = 2
vt [Eq 9]

The design equations for spaced columns were very similar, with the exception ...

that an extra factor was included to account for two “column fixity” conditions:

a. The center of resistance of the end connectors are within /20 from the end of
the column

b. The center of resistance of the end connectors are between 1/20 and /10 from
the end of the column.
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This factor multiplied with E, and had a value of 2.5 for condition “a” and 3.0 for
condition “b.” In addition, the code also placed limitations on the slenderness

ratio of the columns:

e simple columns: /:<50

A
e individual members of spaced columns: /<80 ang % < 40 where 1= the
distance from the center of resistance of the connectors in the end blocks te
center of the spacer block.

The code also included provisions for combined loadings of tension or
compression with flexure. The design equations were:

P/ A4 M/S
+ <1
Combined tension and flexure: £ F [Eq 10]
P/A M/S
— + <1
Combined compression and flexure: F, K [Eq 11]

where:
M
S

total moment

section modulus.

»In an effort to eliminate the need to calculate the effects of lateral buck-
ling, the code includes lateral bracing requirements based on the nominal depth
to thickness ratio: :

1. Ratio = 2; no support necessary
2. Ratio = 3; ends shall be held in position

Ratio = 4; the piece shall be held in line, as in a well-bolted chord member in
a truss

. Ratio = 5; one edge shall be held in line

it

4

5. Ratio = 6; bridging at intervals <8 ft

6. Ratio = 7; both edges shall be held in line
7

. If a beam is subject to both flexure and compression parallel to grain, the ra-
tio may be as much as 5 if one edge is held firmly in line; if dead load is suffi-
cient to induce tension on the underside of the member, the ratio may be as

~ much as 6.
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The final design equation presented in the 1944 edition of the NDS, known as
the Hankinson formula, calculates the allowable unit stress in the direction of
the load for compression at an angle to the grain of the member:
FF,
.2 2
F sin“0 + F cos‘0 . [Eq 12]

Fé:

In 1953, the code prescribed a major change to the column design formulas. In
an effort to simplify the design process, the column design formulas no longer - -
differentiated between column lengths (i.e., short, intermediate, and long col-
umns). There was only one equation for simple columns and two equations for
spaced columns, as follows (all of the other slenderness ratio limits carry over

without change):

, 030E

¢ ( 7)2 for simple square or rectangular columns
a [Eq 13]

. 075E
F, = — = for spaced columns with fixity condition “a”
(%4 [Eq 14]

090E
5~ for spaced columns with fixity condition “b”

F=— 5
(/2 [Eq 15]

where:
dimension of least side of individual members

~unsupported length.

o
]

The fixity condition definitions remain unchanged from the previous edition.

In 1957, the only change to the design provisions was the requii‘ement that to
obtain spaced column action, end spacer blocks must be used when the individ-

ual members have an:

030F
E : [Eq 16]

Vd >

The only significant change in the 1968 edition of the NDS was the addition of
an adjustment factor for lumber loaded on the wide face. For 2 to 4 in. thick
lumber used flatwise, the bending design value, F,, shall be multiplied by the
following adjustment factors (Table 14).
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Table 14. 1968 adjustment factors for lumber
loaded on the wide face.

Width Thickness

2in. 3in. 4in.
2to4in. 1.10 1.04 1.00
6 in. and wider 1.22 1.16 1.11

Ili 1971, only a few minor changes were made to the design. The equations for

combined flexural and axial loading remain unchanged with the exception that -

if:

%1 S O.Sj;(‘c)E

[Eq 17]
for a member under combined flexure and axial compression, then:
HA,_Ms
Fc E; - P / A [Eq 18]

must be satisfied. The lateral bracing requirements also included a change that
eliminated the allowance for the depth-to-thickness ratio to be as great as 6 for .
members under combined flexure and axial compression where the dead load is
sufficient to induce tension in the underside of the member. All other design
equations and provisions remained unchanged.

The 1973 edition of the National Design Specification for Wood Construction in-

¢luded very few -changes to the design formulas and provisions from the 1971
edition. The only addition was a modification factor for bending members called

the Size Factor:
' ( 12)% |
C=|—
d . [Eq 19]

where d = the depth of the bending member.

This Size Factor modified only the tabulated design value for bending stress, F,.
All other design equations and provisions remained unchanged.

In 1977, the NDS included a number of revisions and additions from the previ-
ous edition including two additional sections relating to the specific require-
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ments of sawn lumber and glued laminated structural members. For bending
members, a “Slenderness Factor,” defined as:

1d
Gy =2z <50

[Eq 20]

was introduced into the code. The value of the variable, le, was determined
based on the unbraced length of the bending member, lu, as follows (Table 15):

Table 15. 1977 determination of effective Iegqth for loading condition.

Loading Condition I,

Single span with concentrated load at center 1.611,
Single span with uniformly distributed load 1.921,
Single span with equal end moments 1.841,
Cantilever beam with concentrated load at unsupported end 1.691,
Cantilever beam with uniformly distributed load 1.06 1,
Single span or cantilever with an arbitrary load, a conservative value 1.921,

The slenderness factor was used to modify the extreme fiber in bending design
value as follows: :
Short Beams (C,=10): F, = F, ' [Eq 21]

4
C
Intermediate Beams (10<C,<C,): F; = F,|1— %[ES-)
) [Eq 22]

<y
Long Beams (C, <C4<50): s [Eq 23]

The size factor introduced in the 1973 code still existed, but its modifications
were not cumulative with the slenderness factor (i.e., when applying the two
modification factors independently, the smaller value obtained shall be used).
The 1977 edition also introduced a “Form Factor,” C, with the value of 1.8 for
round beams and 1.414 for rectangular beams loaded through their diagonal.
This factor is technically not new since all it does is simply quantify a statement
from the previous edition, which said that round beams and rectangular beams
loaded through their diagonal shall have the same strength as a square beam of
equal cross-sectional area. One of the largest and most important changes in-




USACERL TR-98/89

troduced in the 1977 NDS was the manner in which the design values for com-
pression members were calculated. The equations revert back to what was
originally suggested published in the 1944 edition with some minor alterations,
for simple solid columns:

Short Columns (/d <11): F¢. = F; [Eq 24]

F=r1-1(14 4 ~
Intermediate Columns (11<l/d<K): “¢ ~“¢ —'3_ ? .
[Eq 25]

Fr = 030F
Long Columns (Vd>K): “¢ ™ (l / d)z
[Eq 26]

where:

K=0671 /ﬁ
FC

/d = the lesser of the two ratios with respect to the two sides of the
column.

Spaced columns, as in 1944, used the same formulas as above with the addition
of a factor multiplying E equal to 2.5 for fixity condition “a” and 3.0 for fixity
condition “b.” The 1977 edition also amended the formula for combined flexure
and axial compression to reflect the changes in the column formulas, as follows: :

L‘, + ——]:’L— <t
F F,-Jf, [Eq 27]
where:
L /d-11
K-11 (unitless convenience factor)
0<J<1

J = 0 for short columns (I/d<1)
J = 1 for long columns (I/d>K).

Additionally, the code provided a buckling stiffness factor, C_, for cases where 2 x
4 in. or smaller truss compression chords have plywood sheathing attached to
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the narrow face. The value of this buckling stiffness factor is summarized as

follows:
if 1 <96 in. and the thickness of the plywood is greater than 3/8 in., then:
C,=1+0.002], for wood seasoned to a moisture content of 19 percent

C,=1+0.001], for unseasoned or partially seasoned wood

if 1 >96 in., the value of the buckling stiffness factor shall be taken as the
value for a chord with 1 =96 in.

The buckling stiffness modifies the design value for compression parallel to
grain in the same way as the modification factor for fixity conditions of spaced

columns.

The 1982 edition of the code included only minor changes to the design formulas - -.
and provisions, the first of which introduced a more comprehensive formula re-
lated to calculating the effective lengths, 1, of bending members. The 1977 code
assumed an 1/d ratio of 17, but in 1982, the code added the factor:

W m

to be multiplied with 1, for other ratios. This factor did not apply to single span
beam with equal end moments or single span or cantilever beams with an arbi-
trary load. The numerical constant in the C, equation for beams changed from

0.6 to 0.811 in addition to the constant in the 14 equation for long beams
changing from 0.40 to 0.438. Another minor change was the introduction of an
effective length factor for columns based on the end conditions. The previous
codes mentioned that the formulas were intended for pinned-pinned end condi-
tions and adjustments should be made accordingly, but in 1982 these adjust-
ments were quantified in the appendix. Additionally, the formulas for combined
flexural and axial loading were revised:

085+ ———r

>f’b
. . . .—t + - < 1
Flexure and axial tension: E F;, =

Lot _,f' <1
or 1% [Eq 29]

Sy

Flexure and axial compression: &, + 7 77 <1
Fo B [Eq 30]
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31

1/d~11

h =
where J K_11

The buckling stiffness factor, C,, for use with 2 x.4 in. or smaller truss compres-

sion chords with 3/8 in. or thicker plywood sheathing nailed to the narrow face
changes was changed:

- : 23001,
if 1, <96 in. and seasoned to moisture content<19 percent: Cr =1+ 7 _
005 [Eq 31]
1200/,
1,<96 in. and unseasoned: C; =1+ £
0.05 [Eq 32]
where:

E,,=: Level of modules of elasticity exceeded by 95 percent probability

(Appendix A, NDS 1994).
E,,;= 0.589E for visually graded lumber

E, .= 0.819E for machine graded lumber.

0.05

When checking the design in the plane of bending, the slenderness ratio, 1, in

the plane of bending shall be used to calculate F and J; but when checking the .

design perpendicular to the plane of bending, the slenderness ratio, 1, perpen-
dicular to the plane of bending shall be used to calculate ¢ and J shall be set
equal to zero.

In 1986, the code again included only minor changes to the design formulas and
provisions. The provisions for calculating the effective length of bending mem-
bers with respect to specific loading conditions changed to the following (al-
though the formula for the slenderness factor, Cs, did not) (Table 16):

Table 16. 1986 determination of |, for loading condition.

Loading Condition ' 1,
Single span with concentrated load at center . : -~ 1.371,+3d
-} Single span with uniformly distributed load 1.631, + 3d
Single span with equal end moments 1.841
Cantilever beam with concentrated load at unsupported end 144 +3d
Cantilever beam with uniformly distributed load 0.90 1, + 3d
For single span or cantilever with any load, conservative value I, for 1 /d>14.31.63l, + 3d for
I/d<14.3

There was a minor clarification to the provision for checking the design of a
member under combined flexure and axial compression perpendicular to the
plane of bending. ‘
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J shall be based on 1/d when C s> 10
J=0whenC, < 10

The variable F, in the formula for calculating the design value at an angle to the
grain of the member was replaced by F,, the design value for end grain bearing
parallel to grain. The last change to 1986 code was related to shear in bending
members. According to the code, the design value for horizontal shear was per-
mitted to be doubled for continuous or cantilevered bending members with a
thickness of 2 to 4 in. Additionally, the formulas for determining the vertical
shear force for use in the horizontal shear stress calculations changed:

uniformly distributed load:
|14 2d
V= "2—[1 - I—JCV
¢ [Eq 33]
where:
,/l /d 3
— N/ 7 d d
C, =095+ 250 —1.32( lc)+115( lc) <1
1 = clear span
concentrated load:
P\ - xXx/ d )2
V= >
! [2 +(x/d ]
[2+(x/d) Eq 34

In 1991, the National Design Specification for Wood Construction went through
some fairly major revisions. The most visible change was, of course, a much
more user friendly organization, although many more changes were also made to
the content of the design equations and provisions. The formulas for calculating
the design value at the extreme fiber in bending were based on a beam stability

factor:

o _1+(Be/R) [H(ﬂf/&‘)]z_ﬁz,;/a‘

L 19 1.9 0.95
[Eq 35]
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where:

Fy = tabulated bending design value multiplied by all applicable ad-
justment factors except C, C,, and C

K E'
F.o=—_
b. R;

K, = 0.438 for visually graded lumber and machine evaluated lumber

K= 0.609 for products with COVE<0.11 (COVE is defined in Appen-
dix A, NDS 1991)

R, = the slenderness ratio directly proportional to the effective
length, le, of the bending member as

fl d
R, =45 <50 .
b , where the effective length is calculated as follows:

Cantilever Beamse when | <7 when |, 27
uniformly distributed load L,=1.33|, L, =0.90l,+3d
concentrated load @ unsupported end L, =1.87, L,=1.441 +3d
Single Span Beams Whenl,<7  whenl, 27
uniformly distributed load - L,=2.061, L,=1.631+3d
concentrated load @ center with no intermediate lateral L, =1.80l, L ,=1.371+3d
support

concentrated load @ center with lateral support @ center  L=1.11],

] 2 equal concentrated ]gads and lateral support @ 1/3 pts. L,=1.68l,

3 equal concentrated loads and lateral support @ Va pts. L,=1.54|,

4 equal concentrated loads and lateral support @ 1/5 pts. L, =1.68,

5 equal concentrated loads and lateral support @ 1/6 pts. L, =1.73,

6 equal concentrated loads and lateral support @ 1/7 pts. L, =1.78,

7 or more equal concentrated loads, evenly spaced, w/ L ,=1.84l

lateral support @ pts. of load

equal end moments ) L=1.84],

For single span or cantilever members with any otherload, L, =2.06l, whenl <7

then: - L, =1.631, when 751, < 143

L, =1.84l, whenl,, >714.3
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This factor is based primarily on the lateral support conditions of the particular
bending member and as such, is equal to one if:

¢ the depth of the member does not exceed its breadth OR

e the member conforms to the lateral support requirements (which remain un- -
changed from the 1986 edition of the code) OR

e the compression edge of the member is fully supported throughout its length
to prevent lateral displacement and the points of bearing are secured to pre-
vent lateral rotation

The 1991 code also greatly changed the way the design values for horizontal
shear were calculated to include adjustment factors for splits and shakes (Table

17).

Table 17. 1991 shear stress factors for horizontal shear.

Length of split on wideface of

Length of split on wideface of | 3-in. (nominal) C, and thicker | Size of shake in 2-in.

2-in. (nominal) C lumber lumber {(nominal) and C _lumber

no split 2.00 no split 2.00 no shake . 2.00
Y2 x wide face 1.67 Y2 x wide face 1.67 Y2 x wide face 1.67
% x wide face 1.501 % x wide face 1.50 % x wide face - 1.50
1 x wide face 1.331 1 x wide face 1.33 - | -1.x wide face 1.33
12 x wide face or more 1.00 1 ¥ x wide face or more 1.00 1 ¥2 x wide face or more 1.00

The code also provided a “Column Stability Factor,” C,, for the calculation of the
allowable design value for compression parallel to grain, which, for solid col-
umns, is:

* * 2 *
o 1R/ E) 1+ (Ee /B Fy/F,
P 2¢ B 2¢ o

[Eq 36]

where: L tabulated design value multiplied by all applicable adjustment . -
factors except CP

Foo K. E'
cE — (le/d)z
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K. = 0.3 for visually graded lumber and machine evaluated lumber
(MEL)

K = 0.418 for products with COVE <0.11
¢ = 0.8 for sawn lumber.

The determination of C, is identical for spaced columns, except that:
_ Ky K E'

cE T 2 :
(le/ d) [Eq 37]
where: K, = 2.5 for fixity condition “a”
K, = 3.0 for fixity condition “b.”
The equations for combined loading also changed to reflect the changes in col-

umn and beam design in addition to providing for loading on both faces of the
member. These equations are summarized as: :

Flexure and Axial Tension:
L‘, + -fl <1
F'F, AND [Eq 38]
Lot oy
F, [Eq 39]
where: B = bending design value multiplied by all applicable adjustment

factors except C,

Fyo= bending design value multiplied by all applicable adjustment

factors except C,,



USACERL TR 98/89

Flexure and Axial Compression:

] ey e

B R1-0E)] B~ ) i/ Fe) | [Eq40]
oo K E'

where: - (I“/dx )2

x = 1 or 2 for loads applied to the narrow face or wide face, respectively
x = 1 or 2 for loads applied to the narrow face or wide face, respectively.

The 1991 code also included a number of adjustment factors based solely on the
geometry and size of the member, the first of which was the size factor. For rec-
tangular sawn lumber bending members greater than 5 in. thick, with a depth
greater than 12 in., the bending design value, F,, was to be multiplied by the
size factor:

C.=(012/dY° <10 -‘ [Eq 41]

Table 18 lists the size factors corresponding to the applicable design values for
dimension lumber 2 to 4 in. thick.

" The final change to the 1991 National Design Specification for Wood Construc-
tion was the addition of a flat-use factor, C,, for members 2 to 4 in. thick loaded

on the wide face, Table 19 lists the values.




USACERL TR-98/89

Table 18. 1991 adj

ustment factors for geometry and size of sawn lumber.

Fb
Thickness

Grades Width 2&3in. 4in. F, F
Select structural, 2,3, &4in. 1.5 1.5 1.5 1.15
No. 1 & Bir. No. 1, 5in. 1.4 1.4 1.4 1.1
No. 2, No. 3 6in. 1.3 1.3 1.3 1.1
8in. 1.2 1.3 1.2 1.05

10in. 1.1 1.2 1.1 1.0

12in. 1.0 1.1 1.0 1.0

14 in. & Wider 0.9 1.0 0.9 0.9
Stud 2,3,&4in. 1.1 1.1 1.1 1.05
5&6in. 1.0 1.0 1.0 1.0

.Construction & 2,3,&4in. 1.0 1.0 1.0 1.0

standard

Utility 4in. 1.0 1.0 1.0 1.0
2&3in. 0.4 N/A 0.4 0.6

Table 19. 1991 flat-use factors for members loaded on the wide face.

Width Thickness

2&3in. 4in.

2&3in. 1.0 N/A
4" 1.1 1.0

5" 0.1 1.05

6" 1.15 1.05

8" 1.15 1.05

10" & Wider 1.2 1.1

Mechanical Fasteners, Lumber Sizes, and Design Values

Of all the sections in the National Design Specification for Wood Construction,
the tables of the design values have changed the most. With every new edition,
there is at least a slight modification to the tabulated design values. In 1960,
tabulated section properties and dress sizes of the most common standard di-
mensions of lumber were included. The code also provides guidelines for the de-
sign of wood connections. '

Table Al in the Appendix shows the scanned images of the design value tables
from the 1944 edition of the code. Changes to the design values typically take
the form of relatively small adjustments (less than 10 percent) from one edition
to another. The cumulative effect of these changes over a number of years, how-
ever, is rather significant. Another difficulty with tracking these changes is the
fact that the names and grading designations of some of the wood species tended
to be altered through the years in addition to including new species and deleting
old ones. For example, in 1948, the species formerly know as Southern Shortleaf
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Pine was changed to Southern Pine and in 1950 the species formerly known as
Tidewater Red Cypress was changed to Southern Coast Cypress. There are
many other examples (too many to enumerate here) of this sort of change, cou-
pled with the aforementioned small changes in the design values themselves
from edition to edition, that makes charting the specific changes an over-
whelming task. One can draw some general conclusions, though, of the how the -
modifications have manifested themselves and what impact they have had on
the design of wood structures. In 1968, a separate design value for tension par-
allel to grain was introduced. In general, each design value changed independ-
ently to reflect new grading and testing procedures and normal éhanges in the
actual wood strength. When comparing the 1968 edition with the 1991 edition,
it can be seen that the design values, in general, change as follows:

e F, - decrease of 15 to 30 percent, for Southern Pine increase of 35 percent
o F,- decrease of 10 to 30 percent, for Southern Pine increase of 30 percent
e F, - no change, for Southern Pine increase of 10 percent

o Fou. increase of 35 to 65 percent, for Southern Pine increase of 40 percent

e F. - decrease of 10 to 20 percent for Southern Pine -and  Douglas Fir-Larch, .
increase of 6 to 30 percent

o E - decrease of 15 percent to an increase of 5 percent with many species not

having any change.

It is important to reiterate that the above percentages hold true for the majority ..
of soft wood species, but are by no means comprehensive due to the difficulties

mentioned above.

In 1968, the Standard Dressed (S4S) Sizes of structural lumber were revised for
selected sizes. The Standard Dressed Sizes are the actual dimensions of the
lumber and are used in calculating the working stresses of a particular member.
The nominal dimensions of the lumber are those referenced in the code and used

by the industry. If either the nominal width or thickness dimension of the mem- .. .
ber was 4 in. or less, that dimension was decreased 1/8 in. This constitutes a
substantial change in the way structural wood design (particularly for light
wood frames and trusses) was carried out. Table 20 gives. examples.

Table 20. Examples of 1968 revisions for standard dressed (S4S) dimensions.
Nominal Size | Standard Dressed Size before1968 | Standard Dressed Size 1968-present
2x4 1% x3% 1%x3%

3x12 2% x11 % 2%x 12
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Lastly, a large part of the NDS concerns itself with the design of the various
connections associated with wood construction and practices. Although the topic
of connection design lies outside the scope of this report, it is nonetheless in-
structive to provide at least a list of the various types of connections that the
code deals with and how that list has changed since 1944. The 1944 NDS in-
cluded connection design provisions for split ring, toothed ring, claw plate, and
shear plate connectors, bolts, lag screws, nails and spikes, drift pins, and wood
screws. Each of these connector types had associated tables of design values

that were based on connector groupings of the wood species. Unfortunately, nei-- ..

" ther the number of groupings nor the composition of the individual groups were
the same for the different connectors. This system of assigning design values to
connections remained unchanged until 1991 when most of the connector group-
ings (with the exception of split ring and shear plate connectors) were consoli-
dated into one set of groupings based on the specific gravities of the wood spe-

- ‘cies. In 1948, provisions for claw plates were removed from the code. The types
of connectors remained unchanged until 1973 when the provisions for toothed
ring connectors were removed. In 1977 provisions for metal plate connectors
and spike grids were added. This list of connector types is still valid for the
1991 edition.

Summary of Code Changes for Allowable Stresses

The 1944, NDS was based on allowable stress design using elastic stress-strain
theory for calculating the stresses. This design procedure has remained un- -
changed from the original edition of the code through the present 1991 edition.
Throughout the history of the NDS code, no load combinations have been pre-
scribed. Rather it states that the design loads are to be the most severe distri-
bution, concentration, and combination of dead, live, snow, wind, earthquake,
erection, and other static and dynamic forces. The only guidance that the code
gives is that the'probabilities are remote that full wind and full snow loads or
the full wind and full earthquake loads will act simulfaneously. The code also
states that the magnitudes of the loads shall be in a¢cordance with the govern-

ing building code. These provisions have remained unchanged since the original - - |

1944 edition of the code.- Table 21 summarizes the code changes with respect to
allowable stresses for each year.
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Table 21. Summary of code changes for allowable stresses.
NDS Code Summary of Changes for Allowable Stresses

1944 included provisions for allowable unit stresses which may be increased by 15% for
snow loading combined with dead load, and 50% for wind or earthquake loading.
Where maximum snow load remains permanently on the structure, the allowable
stresses shall not be increased. For other loading not exceeding a duration of 5
minutes, the allowable stresses may also be increased by 50%. The above increases
are not cumulative. For wind in combination with permanent loading, the allowable
unit stresses may be increased by 50%, provided that the resulting structural
members are not smaller than those required for permanent loading alone. These
provisions do not apply to the modulus of elasticity. These increases apply to
mechanica! fastenings except as otherwise noted.

The allowable unit stresses for permanent loading may be used without regard to
impact if the stress induced by impact does not exceed the allowable unit stress for
permanent loading; however, the sum of stresses induced by any combination of
loading, e.g., impact with dead, long-time live, and/or short-time live loading, shall not
exceed twice the allowable unit stress for permanent loading.

The allowable unit stresses in flexure for joist and plank grades apply to material with
the load applied to either the narrow or wide face. Allowable unit stresses in flexure
for beam and stringer grades apply only to material with the load applied to the narrow
face. Beam grades ordinarily are graded for use on simple spans. When used as a
continuous beam, the grading provisions customarily applied to the middie ¥ of the
length of simple spans shall be applied to the middle % of the length of pieces to be
used over the entire length of pieces to be used over three or more spans.

The allowable unit stresses for compression paralle! to grain in post and timber
grades apply to columns with an ¢/d ratio of 11 or less. The allowable unit stresses for
compression parallel to grain given for joist and plank and beam and stringer grades
apply to columns with an ¢/d ratio of 11 or less, when the sum of the sizes of all knots
in any 6 inches of the length of the piece shall not exceed twice the maximum
permissible size of knot, while two knots of maximum permissible size shall not be
within the same 6 inches of length on any face. For other ¢/d ratios, allowable unit
stresses shall be determined by the formulas given for wood columns.

The allowable unit stresses for shear in joint details may be 50% greater than the
horizontal shear values otherwise permitted. In joists supported on a ribbon or ledger
board and spiked to the studs, the allowable unit stresses for compression
perpendicular to grain may be increased by 50%. If a wood compression member
that bears on a metal plate or strap, e.g., as at the heel joint of a truss, contains no
knot at the bearing greater in diameter than 1%z inches or ¥ the minimum cross-
sectional dimension of the member, whichever is lesser, the allowable unit stress for,
bearing is given for various species, or if the loading is at an angle to grain, shall be
determined by the Hankinson formula.

1971 When the duration of the full maximum load does not exceed the period indicated,
increase the allowable unit stresses; 15% for 2 months duration, as for snow; 25% for
7 days duration; 33'4% for wind or earthquake; and 100% for impact.

When a member is fully stressed to the maximum allowable stress for many years,
either continuously or cumulatively under the condition of maximum design load, use
working stresses 90% of those given. The values given for service conditions apply
under conditions continuously dry, as in most covered structures. When used under
other conditions, the values for unseasoned lumber shall be reduced 9% and for
seasoned lumber shall be reduced 33%.
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NDS Code

Summary of Changes for Allowable Stresses

1973

When a member is fully stressed to the maximum allowable stress for more than 10
years, either continuously or cumulatively under the condition of maximum design
load, use working stresses 90% of those given.

1977

When the duration of the full maximum load does not exceed the period indicated, the -] -«

normal design values for wood members and fastenings shall be muitiplied by the
following modification factors; 1.15 for 2 months duration of load, as for snow; 1.25 for
7 days duration of load; 1.33 for wind or earthquake; and 2.00 for impact.

1982

The design values are applicable to members used under ordinary ranges of
temperature and occasionally heated in use to temperatures up to 150°F. Wood
increases in strength when cooled below normal temperatures and decreases in
strength when heated. Members heated in use to temperatures up to 150°F will
return essentially to original strength when cooled. Prolonged temperatures above
150°F may result in permanent loss of strength. Some reduction in design values
may be necessary in specific applications to account for the temporary decrease in
strength occurring when members are heated to elevated temperatures up to 150°F
for extended periods of time. For lumber pressure-impregnated with fire-retardant
chemicals, the design values otherwise permitted shall be reduced 10%.

1986

When the duration of the full maximum load does not exceed the period indicated, the
normal design values for wood members and fastenings shall be multiplied by the
following modification factors; 1.15 for 2 months duration of Joad, with adjustments for
SNOW.

Modifications of design values for duration of load are cumulative with load
combination modification: -

Property Adjustment Factor
. Extreme fiber in bending 0.85

Tension paralle! to grain : 0.80
Horizontal shear ' 0.90
Compression perpendicular to grain 0.90
Compression paralle! to grain 0.90
Modulus of elasticity 0.90

Fastener design loads - 0.90

1991

The most significant changes to the National Design Specification for Wood
Construction apply to the various modifications to the design values, i.e., general -
modifications relating to the conditions of use. In 1991, several major changes were
made to the adjustment factors in addition to a more understandable system for the
applicability of these adjustment factors. The factors addressed such issues as load
duration, wet service factor, temperature, beam stability, size, flat use, repetitive use,
form, column stability, shear stress, buckling stiffness, and bearing area.
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3 Test Methods

Nondestructive Testing Methods for Wood

Techniques of Nondestructive Evaluation (NDE) are increasingly being used in
industrial applications to assess various properties of wood and wood products
and in-place wooden structures. One NDE technique commonly used to evalu-
ate mechanical properties of wood products is based on the measurement of vi-
brational characteristics. Longitudinal stress wave NDE techniques use low-
level stress waves to measure two fundamental energy properties: storage and
dissipation. Energy storage is the speed at which a wave travels in a material.
Energy dissipation is the rate at which a wave attenuates. These properties are
related to the same mechanisms that control the mechanical behavior of a mate-
rial. Consequently, useful relationships can be obtained between stress wave
speed and attenuation and the elasticity and strength of a material. '

Ross and Pellerin found that stress wave speed and attenuation are excellent
indices of the mechanical properties of wood-based composites. Under controlled
laboratory conditions, Pellerin et al. showed that stress wave velocity is a good
indicator of wood decomposition when caused by brown rot fungi, but a poor in-
dicator when caused by termites.

The first step in using an NDE technique for monitoring biological degradation
of wood members is developing an inexpensive, readily available measurement
system. The measurement system for monitoring stress wave behavior in de-
graded wood consists of an impact and signal acquisition system coupled to a
relatively inexpensive data storage device. Signal analysis is also performed
using inexpensive personal computers. Results are easily analyzed and com- -
pared to give the researcher near real-time information.

Some of the more common nondestructive testing methods are based on a vari-
ety of physical and mechanical properties of structural wood. The Appendix to
this report elaborates on the following detailed listing of these factors and the
corresponding nondestructive techniques are:
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1. Size (rulers, calipers, verniers, and various electronic devices)
2. Density (penetrating gamma radiation)

3. Moisture content

a. Resistance measuring moisture meters
b. Capacity type meters

c. Radio frequency (RF) power loss meters
d. Microwave absorption meter

e. Neutron scatter equipment

f. Surface hygrometers

g. Boring techniques
4, Visual stress grading

5. Mechanical grading
a Continuous Lumber Tester (CLT 1)
b. Stress-o-matic machine

Micro-stress grading machine

e

d. Computermatic machine

6. Vibrational grading

a. Sub-sonic vibrational methods
b. Sonic vibrational methods
7. Stress wave propagation

Description of Nondestructive Methods

It is well known that wood has defects that diminish its mechanical properties.
These defects can be due to the structure of the wood itself or to external agents.

Examples of such structural defects are the knots caused by dead branches cov- .
ered by successive annual rings. External agents can cause warping and swel-. . .

ling due to hygroscopic effects, circumferential shrinkage, or splits produced by
frost, internal annular shake produced by the separatlon of contiguous growth
rings, the rotting of wood and dry rots.

Another phenomenon that cannot be considered a defect, but rather a negative
quality of wood as a material, is the percentage of moisture. The moisture con-
tent, besides causing deformations over time due to non-uniform drying, dimin-
ishes the properties of the material. These properties differ greatly according to
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the direction of the wood. This is due to the remarkable anisotropy of wood,
whose tissue is a system of fibers along the tree axis. The anisotropy is maxi-
mum along the axial direction and less along the radial one.

Typical NDT Methods

To understand the wide spectrum that makes up nondestructive testing, it is
helpful to list and review those technical approaches most widely used world- . -

wide.
Radiography (RT)

Radiography involves the use of penetrating gamma or X-radiation to examine
parts and products for imperfections. An X-ray machine or radioactive isotope is
used as a source of radiation. Radiation is directed through a part and onto film
or other media. The resulting shadowgraph shows the internal soundness of the
part. Possible imperfections are indicated as density changes in the film in the '
same manner as an X-ray shows broken bones.

Magnetic Particle Testing (MT)

This method is accomplished by inducing a magnetic field in a ferromagnetic
material and then dusting the surface with iron particles (either dry or sus-
pended in liquid). Surface imperfections distort the field and concentrate iron
particles near imperfections.

Ultrasonic Testing (UT)

Ultrasonics uses transmission of high-frequency sound waves into a material to
detect imperfections within or to locate changes in material properties. The
most commonly used ultrasonic testing technique is pulse echo. In this method,
sound is introduced into a test object and reflections (echoes) are returned to a
receiver from internal imperfections or from the part’s geometrii:al surfaces.

Liquid Penetrant Testing (PT)

Test objects or material is coated with visible or fluorescent dye solution. Excess
dye is then removed from the surface, and a dry developer is applied. The de-
veloper acts as blotter, drawing penetrant out of imperfections open to the sur-
face. With visible dyes, vivid color contrasts between the penetrant and devel-
oper make “bleedout” easy to see. With fluorescent dyes, ultraviolet light is used
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to make the bleedout fluoresce brightly, so that imperfections can readily be
seen.

Electromagnetic Testing (ET)

Electrical currents are generated in a conductive material by an induced alter-
nating magnetic field. Interruptions in the flow of electric currents (eddy cur-
rents) caused by imperfections or changes in the material’s conductive proper-
ties, will cause changes in the induced magnetic field. These changes, when de-
tected, indicate the presence of change in the test object. .

Leak Testing (LT)

Several techniques are used to detect and locate leaks in pressure containment
parts, pressure vessels, and structures. Leaks can be detected by using elec-
tronic listening devices, pressure gauge measurements, liquid and gas penetrant
techniques, and/or a simple soap-bubble test.

Acoustic Emission Testing (AE)

When a solid material is stressed, imperfections within the material emit short..

bursts of acoustic energy called “emissions.” As in ultrasonic testing, acoustic
emissions can be detected by special receivers. Emission sources can be evalu-
ated through the study of their intensity, rate, and location.

Visual and Optical Testing (VT)

Visual examiners follow procedures that range from simple to very compléx.
Some procedures involve comparison of workmanship samples with production
parts. .

Special NDT Methods

NDT engineers and technicians also use magnetic resonance imaging, vibration.

monitoring, laser ultrasonics, holography, and many other specialized methods.
The following techniques are used to nondestructively evaluate wood and wood-
based materials.

Static Bending Techniques

Measuring the Modulus of Elasticity (MOE) of a member by static bending tech-
niques is the foundation of Machine Stress Rating (MSR) of lumber. This rela-
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tively simple measurement involves using the load-deflection relationship of a
simply supported beam loaded at its midspan. The modulus of elasticity can be
computed directly by using equations derived from fundamental mechanics of

materials and used to infer strength.

Measuring flexural MOE by static bending techniques-has been successfully- ..-
used to grade lumber by using machines that approximate simply supported
boundary conditions. Such machines consistently maintain these conditions.
However, an in-place environment yields boundary conditions that may vary -
considerably in even the simplest structure. Consequently, application of this
technique for in-place assessment of wood members has been limited.

Transverse Vibration Techniques

An analogy can be drawn between the behavior of a vibrating beam and the vi-
bration of a mass that is attached to a weightless spring and internal damping
force. A mass is supported from a rigid body by a weightless spring with a cer-
tain stiffness. This stiffness is used to obtain an expression for the dynamic
MOE by assuming a simply supported beam.

Transverse vibration techniques are significantly influenced by boundary condi- -
tions. Most researchers conducting laboratory studies using this technique de-
vote considerable time to ensure that simple end conditions are attained. How-
ever, such conditions frequently do not exist with wood members in structures.
Consequently, use of this technique has been limited for in-place evaluations.

-Stress Wave Techniques

Speed of sound transmission and attenuation of induced stress waves in a mate-
rial are frequently used as Nondestructive Technique (NDT) parameters. To il-
lustrate these techniques, consider the application of one-dimensional wave the-
ory to the homogeneous viscoelastic bar. A wave is generated after an impact
hits the end of the bar and travels along the bar-at a constant speed, which is
then reflected back down the bar. Energy is dissipated as the wave travels
through the bar. Although the speed of the wave remains constant, movement of
particles diminish with each successive passing of the wave. Eventually all par-
ticles of the bar come to rest. The modulus of elasticity can be calculated using
the propagation speed as well as the mass density of the bar.

Wood is neither homogeneous nor isotropic, hence the usefulness of one-
dimensional wave theory for describing stress wave behavior in wood could be
considered ambiguous. However, several researchers have explored application
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of the theory by examining actual wave forms resulting from propagating waves
in wood and wood products and have found that one-dimensional wave theory is
" adequate for describing wave behavior.

One commonly used technique that employs stress wave NDT technology uses
simple time-of-flight-type measurement systems to determine speed of wave
propagation. In these measurement systems, a mechanical or ultrasonic impact
is used to impart a longitudinal wave into a member. Piezoelectric sensors are

placed at two points on the member and used to sense passing of the wave. The

time it takes for the wave to travel between sensors is measured and used to
compute wave propagation speed.

The stress wave equipment induces a compressive impact stress wave in the end
of a specimen when a solenoid activated hammer strikes a steel wedge clamped
to the end of a specimen. Two accelerometers are fastened to the specimen some
distance apart to sense passage of the stress wave. The accelerometer nearer to
the hammer end (impact end) starts a microsecond counter and the accelerome-
ter farther from the hammer end stops the microsecond counter as the stress
wave advances past each accelerometer. Thus, the microsecond counter times
the stress wave as it travels the distance between the two accelerometers.

An impact stress wave induced in the end of lumber with knots does not main--

tain a normal, perpendicular-to-the-axis profile in its transit by a knot and the
cross grain associated with the knot. Contours of constant stress wave transit
time tend to lead in zones of clear wood in the direction of the slope of annual
rings and lag behind the knot. The sensitivity in detecting the presence of knots
varies with timing procedures. Of three timing procedures evaluated, average
timing appears more consistent in detecting short segments containing knots
from adjacent clear wood segments than either fastest point of centerline timing.

The modulus of elasticity based on stress waves tends to be higher than the

modulus of elasticity based on static bending, particularly in segments of lumber

containing a knot. The correlation between the two moduli of elasticity depends

greatly on specimen quality and stress timing procedure. The two were best
correlated based on average timing or barkside centerline timing and least cor-
related with stress wave obtained modulus of elasticity based on fastest point
timing.

From impact tests on each end of a specimen, the direction of the impact stress
wave affects transit timing somewhat. The differences in transit time for a
given length of specimen due to the impact’s end tended to be higher for fastest
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point timing than for average or centerline timing. Stress wave timing is not
very sensitive to relative knot as correlations between knot-area ratio and tran-

sit time were generally poor to insignificant within a specimen.

The static modulus of elasticity responded to the presence of knots or related
grain distortion. This modulus was lower for 1-ft spans containing a knot than
for adjacent clear wood 1-ft spans. As expected, this modulus increased system-
atically as knot area ratio was reduced through ripping off %-in. inch strips from

the lumber.

As a general observation, some caution is suggested in applying stress wave
techniques for machine stress rating lumber. Suitable devices could be devel-
oped for either average or fastest point timing. Otherwise, centerline timing
could be used with accelerometers, but grading might be less efficient than for

average timing.

Some additional factors need to be evaluated: (1) depending on the size and
soundness of a knot, stress wave detection may be affected somewhat if the ac-
celerometer fixed in a machine comes to rest on a knot; (2) to determine the ef-
fectiveness of grading that uses stress waves, the modulus of elasticity should be
examined against lumber strength directly rather than by inference through the
static modulus of elasticity strength relations. This approach is recommended
due to the lack of perfect or near-perfect correlation between the two moduli of

elasticity in typical lumber.

Longitudinal stress wave NDT techniques have been investigated by researchers
for assessing wood members in structures. The influence that boundary condi-
tions have on speed of sound transmission measurements has been shown to be
significantly less than that for static bending or transverse vibration techniques.
Thus, many researchers have examined longitudinal stress wave NDT tech-
niques for in-place assessment of wood members. Acoustic emission techniques
have also been extensively researched for application to wood-based materials. ..
These techniques rely on the application of stress to a member to generate a .

stress wave.

Future in-place assessment NDT research should focus on furthering the appli-
cation of stress wave techniques. Stress wave NDT techniques have been exten-
sively investigated under laboratory conditions and used by inspection profes-
sionals on a limited basis. However, many questions remain unanswered re-
garding the effectiveness of stress wave NDT techniques to evaluate members in
complicated structures. No published work documents how wave behavior is
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affected by the varied boundary conditions found in wood structures. In addi-
tion, little information has been published on the relationship between excita-
tion system characteristics and wave behavior. Research efforts in these two
areas would advance state-of-the-art inspection techniques considerably.

Ultrasonic Methods

Ultrasonic measurements are carried out by means of both the pulse velocity
and the pulse attenuation techniques. The first technique, widely used in non-
destructive evaluation, consists of measuring the time travel of a pulse or a
train of waves through a known path length in the material. The ultrasonic unit
uses a timing circuit that is triggered when the received echo reaches a pre-
scribed magnitude. The second technique analyzes the amplitude of the re-
ceived ultrasonic signal. The attenuation depends on the frequency of the
transducers and on the size and number of flaws encountered between the
transmitter and the receiver. Pulse level attenuation is obtained from two suc-
cessive ultrasonic echoes by measuring the difference between their peak levels.
The ultrasonic technique, which uses the pulse attenuation measurements, is
more sensitive than that which uses the pulse velocity measurements for de-

tecting and positioning flaws in wood. However, the method based on the pulse .

velocity measurements is very effective in determining the moisture content.

Ultrasonic inspection methods are suggested as extending the usefulness of ex-
isting stress grading methods to promote greater confidence in the structural
use of timber. The ultrasonic pulse velocity method shows promise for a wide
range of uses for in situ testing of structures as well as the routine inspection of
“a variety of manufactured components. Some of its special advantages are:

1. The shape and size of the material under test does not appear to present any
serious restrictions.

2. The method of testing does not induce any additional stresses on a structure
already under load.

3. It is possible to make repeated measurements throughout the service life of a -

structure, where necessary.

4. Measurements that appear to be in error can be checked and rechecked
without altering the condition of the timber.

5. Measurements are made rapidly where suitable plane surfaces are accessi-
ble, so that a detailed survey of all parts of a complete structure is often fea-
sible.
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6. Closer inspection of critical parts of a structure, such as heavily loaded joints
or components of dubious quality, may then be made selectively.

7. It is entirely nondestructive both to the timber under test and the operator.

Pulse velocity measurements relate directly to the elastic properties of wood.
They are therefore sensitive to any deviations in the grain direction, since wood
is highly anisotropic. The grain disturbances may not necessarily be visible on
the surface. It has also been found that measurements follow similar trends to
strength changes caused by the fluctuations in density of wood and local defects.
Under suitable circumstances, both the strength and stiffness of material such
as timber and plywood in fully fabricated components may be assessed without

resorting to structural loading.

The principle of relating stiffness to strength is similar to the basis on which
most mechanical stress grading of timber has developed. The difference is that
the ultrasonic method is not limited to raw material of simple geometrical cross

section. ‘With care, the ultrasonic pulse method may be used to locate hidden . -

defects such as decay pockets and hidden knots, or manufacturing defects such
as cracks in gluelines. Flaws in the path of the ultrasonic pulse cause altera-
tions in the apparent velocity of the wave-front measured over a known path
length. This is accompanied by attenuation of the waves, which is an additional
indication that some internal defect may exist.

Some uncertainty still remains in interpreting the results of ultrasonic meas- - -~

urements in timber. The test does no more than measure the speed at which
sound waves travel through the material in a particular mode or direction. All
other information on the strength and state of the material or structure is in-
ferred. The relationship between pulse velocity and the complex elasticity of
wood is yet slightly obscure. Furthermore, the internal structure of wood im-
poses severe restrictions on the scope and precision of ultrasonic testing, e.g.,
when compared with testing most metals. Despite these difficulties, some prog-

ress has been made in the use of ultrasonics to test timber structures-and com--

ponents. It is more versatile than the vibration tests, which depend on meas-
uring resonant frequency, though probably not so reliable for determining elastic
constants. Its principal virtues are speed and adaptability to different struc-
tural sections, and the opportunity to repeat readings, either for checking, or to
trace any progressive deterioration with time. Its special limitations are the ne-
cessity, (and occasional uncertainty) of good surface contact with the transduc-
ers, difficulties where cavities occur in a structure, and the lack of any digital
output on the present equipment. It should be therefore considered more as a
means of augmenting mechanical tests than replacing them.
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Other Techniques
Several other NDT techniques have been investigated for use with wood:

1. The attenuation of x-rays has been investigated for detecting internal voids
in wood and for inspecting utility poles and trees.

2. Screw withdrawal and pick- or probing-type tests have been examined.

* These inexpensive techniques provide information about a member at a point

and are consequently of limited value for inferring strength for large mem-
bers. However, they are useful for detecting surface damage of members.

3. The Pilodyn test is used to detect surface damage. This instrument consists
of a spring-loaded pin device that drives a hardened steel pin into the wood.
Depth of the pin penetration is used as a measure of degree of degradation.

Simple mechanical tests are frequently used for in-service inspection of wood
members in structures. For example, sounding-, pick-, or probing-type tests are
used by inspectors of wood structures to indicate the condition of a structural
member. The underlying premise for the use of such tests is that degraded wood
is relatively soft and will have a low resistance to probe penetration.

Evaluation of Nondestructive Methods -

Several researchers have studied the correlation between nondestructive testing
parameters and the properties of degraded wood. Table 22 gives a detailed re-
search summary with respect to this correlation. The parameters measured in-
cluded natural frequency, dynamic modulus of elasticity, speed of sound, acoustic
emission events, and root mean square voltage frequency. The properties re-
ported included static modulus of elasticity, ultimate compressive stress, stress
at various levels, maximum moment, and alkali solubility.

Table 23 summarizes research conducted using nondestructive testing concepts -

for in-place evaluation of wood structures. The parameters measured included
speed of sound, dynamic modulus of elasticity, resonant frequencies, density,
bending modulus of elasticity, logarithmic decrement, and phase shifts.



USACERL TR 98/89

S|oAd) suswioads (9861)
[9A8] SS8.IS puk $SO| SSBW J0 daibap SnoueA 1Buny ) dym XOIM
0] BAINSUSS AJOA S19M SJUBAD Ty e ssang | uoissaidwon Iv j00umoig | 1e9jo ‘lews olISNOJY pue |leag
(palou ssajun
‘JUBIO1}R0D UOIR|8LI02) Sajuadoud diels sajuadoid painseaw jabe : )
pue sis)owesed | gN jo uosuedwo) pauoday 1S9} onels siojowesed |QN | uonepeibag feualey | anbuydsl 1aN 90udI9)eY
(pasodxa
pue |05ju02) 08°0 (pesodxa) 62°0
(sjonuod) 06°0 :*3 pue son(pasodxe
pue |0u02) 82'0 (pesodxa) 120
(s1023u09) G9°0 0 pue SOnN(pasodxs
pue j01u09) $6°0 (pasodxa) 68°0-98°0 suswioads (uresb
(sjonuoo) 9g°0 "3 pue gon(pasodxe ureb CENTIET auid mo|j@h 0] |9jjesed)
pue j04ju02) 08'0 (pasodxa) 0} jajjered 16uny uJaynos QABM SSBJIS (s861) 'I&
€L°0 (s104u09) /$°0 D pue SON SON | uoissaidwo) 3030 joiumoig | Jeapo ‘jlews feuipnyibuo] 19 ul9jied
(syeo pue
‘ajdew ‘spoompiey ‘pauiquiod sajosds sbuidnosb
Ile) 6°0-G8°0 — "3 pue son(aud sajoads
ajodabpoj ‘sauid u1ayinos ‘pauiquIod 1o sapaeds (ureib
saoads ||B) 18°0-62°0 — "3 pue °3(sxe0 uresf 9z ‘sdosd 0} |o|fesed)
pue ‘sjdew ‘spoomp.ey ‘pauiquuod 0} j9|jesed aujw punos aABM SSAlS (bgel) e
sei0ads ||1e) /6°0-¥8°0 — "3 pue °3 son ‘3 | uoisseidwon 3 pue pakessq reupnyibuo | 18 youpnyn
suawoads
poomdes (Buipuaq
, auld aliym 19A3|1JURD)
uolejnoous Joye skep /£ 16uny ulsjsea uoleIqIA (0861)
se Ajiea se Aouanbayy u) sso| ueoyubis SUON Kouanbayj jeinjeN 104 umoug Jegpd ‘lewS | asiaAsuesi asl4 | ‘je e Buep
(pajou ssajun ‘Juaoyleod | saipadoad 1S3l onels painseaw Juabe jeuale | anbuyosey 1aN | 9ouasajey
uonejail09) saadosd opels pauoday si9jaweled 1gN | uonepeibag

pue si91weled | gN jo uosuedwo)

“poom papesbap jo sajuadoad pue sisjaweded ‘(LAN) Bupisa) aApONIISIpUOU USIMISQ UO|IR]S1I0 JO AJRWILINS yoseasay gz siqel




ssalls aAissaidwod sjewnin = SoN

ainydni Jo sninpo = HONW

Auonses jo sniNpon = m_Os_

SIUBLLIBINSEALL SABM SIS JO UOIBIGIA 9SISASURI) JOYNS WOy pauleiqo Alolisee Jo sninpow ojweuAQ = m
158} uoISsaidWOD OlelS B WOj paueIqo ANoNSe]e Jo SNINPO = °3

punos jo paaedg = 9

S]UOAS UOISSILUD J1ISNOJY = Y,

uonepeibap
Aeoap jo sabeils Alues AIaA yiim
pejenuape alam eubis jo sjuduodwod
Kouanbaij ybiy ‘uonepesbap Aeosap Amgnios |eubis paaaoal jo suswioads (e861)
Buisealou yim pasealosp yibuans eye juajuod Aouanbay auid mojjeh 100i5) 3Qg
jeubis ‘uonepeibop Aeosp Buiseasou) “quawiow abey)joA alenbs buny |- usayinos aaem ssalsls | pue Aojlep
UMM UOJYSE} Jedul| B uj paseaoap D wnuxepw Buipuag ueaw 1001 ‘0 100umoig | Jespo ‘lews {euipnyibuo -uojjed
{uresboy |
080 — JON Pue SON6L 0 uie.b 0} suawioads Jenoipuadied)
-3 pue SON0L°0-29°0 — O pue Jenojpuadiad 16uny nj-sejbnoQ onem ssans | (z861) ‘€19
SONY6'0 — "3 pue "316°0 ~ D pue’3 son ‘°3 | uoissaidwod 30 101 umoig | Jeso ‘|lews leupnybuo |  piopsyiny
(paiou ssajun ‘Juajdaod | sepuadoad 1591 d1jeIS painseaw yuabe |, jeaie | anbjuydel LaN | @douasdjey
uonejauo0d) sajuadosd ojiels paouoday s1ajowesed 1gN | uonepeibag
pue siejowesed | GN jo uospedwo) "

USACERL TR-98/89




USACERL TR 98/89

{ureib
0} Jejnotpusdied)
(86°0 = 4) oj1d Jo YiBusys eAIsseIdWwoD ©ABM SSBU}s (9861) ‘1B
0} D pue Ajisusp Jo uoliejesioD Kusuep ‘0 Bund puejAiepy Buyid eBpug _feuipnyiBuon 18 InoBBy
puejs ise}
Pesnooo jou pey uoiepeiBep |einjonis Aeyjw eBrepuels (ueuB
e|qissesoypepelBep eiem syoep e 1se) Asejjw o} Jejnoipuedied
pue yJomewely |einjonigpepeiBep lequiy umes | uozuyooixely rews(311s34y1) pue |ejjesed)
sem wejsis yoep pesodxe :pepeibep plios ‘wejnn MONODIXeP puejs ©AEM SS6l]S
10U SEM YIOMBWELJ |BINIONIIS "33 | wepnpuweingn MeN | 1se) Aieyjiw eBlen jeuipnyBuo | (s861) [ESN
uonenyis
_ By perenwis
lequi B Ul Jjesose ebig| (sg6t)
pelisjul [einjonis Buyse) o4 puess OABM SSBl]s Jeyony|
sejuedoid yiBusns ‘peulwiielsp JOW 30 ‘welnn 00IXej MON Hoddns oujoe|eiq feulpnyiBuon | pue eumoig
Apoelioo jes ejdwes uj sejod sejod eoUBUOSe) (es6t)
jo eBejuesied ebie| pesoubelp ise] selouenbelj jueuosey Aunn poopp eyesisny sejod poop olishooy dojunQ
slequelwl sistol OAEM SSBl]S (186t)
jo yiBuesis jenpisal pejeLul}sy 39 ugLxe uojBuiysep uleg feuipnyBuo | ‘|e 1@ sniueq
W (uresB
€€ esu 'y 0zl 0] Jejnoipuedied) (8261)
Aeoep Jo seele Jno peddew ‘seyose ueds) seyose ©AEM SSBl]S ule||ed
J0 spue pesodxe u| Aedep pejosie( O | wenB psaing oyep| Buipjing jooyos {euipnyiBuoy pue ejfoH
yiBuens [enpisel pue
uoissiwsuel} punos jo pesds usemieq lequin wopBury JOO0J uolsuew ©ABM SSells
diysuoneles jeouidwe pedojereq o) umes pljos pajun Ainueo yigi jeurpnyBuon {5961) @e
painseaw .
suo|sniouoo-pauniopad sisAjeuy siojowesed | ON |ej1o1e uojeso | ainmonys jo adAp anbjuyoay 1aN asualaay

*S3INJONIIS POOM JO UOlleN|eAd oom._a.:_ 10} s)daouod (LaN) Bunsal aajonsIsapuou Jo Alewuns yoleasay ‘g€z ajqel




USACERL TR-98/89

wwy'sg="u L 'weo=y1

jUB|ol§e00 Uone|elIs) = 1

Auonsele jo sninpop = JON

SjuewWeInsEsU SABM SSBI]S 10 UOHRIQIA 8SI8ASURI] J8ylie woij peueido Ajiolisele Jo sninpow djweuiq =3
juewe.oep ojwyiedo] =,

punos jopeedg =0 ,

sBuind poom
Keoep Buurejuods Aq peyioddns )
siequiew [einjonis peoeldeyiybiem sieBuiys
umo s)) Jepun pesdejjoo ‘Wweeq poom
2.injonJisgns ‘pejjueWsip Sem einjonis eBieiequi uojBuiyse siejdwnipels ©ABM SS8l}S (6861)
‘uonepesbep Aedep eleAss puno4 99 umes pijos | muoiBuiysem jleqooj AlisieAiun [euipnyiBuot] uusjjed
sejels penun . (6861)-
uonepe.Bep se|od ‘lequip ulejsem sejod ‘Iemo} Bipog pue
yiBuelis jo ejel paulunieleq syiys eseyd ‘9 ‘0 UMES pijos ‘sexe| Bujjooo poop ©ABM SSBIIS Auoyjuy
(1eped
J-sejbnoq)
sejod epeue) (L86l) B
(280 = 4) sseuyys ejod o} uosuedwo) se|ouenbe.j Jueuosey Ajjan poopy uie1sem se|jod poop uoneIqiA 1 Aydinpy
(ureiB
o} Jejnoipuedied
C pue je|jesed) (L861)
sieef g Liene uolenjeaes. ‘sebpuq lequy | sejeis pejun SABM SSells piopeyiny
21 Jo | ul Aeoep jo subis psjesrsy 30 umes pljog | ulelsemyuoN seBplq sequil] [euipnyibuo} pue ejAoH
v (z861)
(89°0 = 4) sejod jo YiBusils |enpises pue sejod wopBury 1561 30N 30093
JOW ueemiaq diysuone|el eAije|el10) JOW Buipueg Ayjan poopp paiun sejod poop oljess ezis ||n4 pue joqqy
, painseaw :
suojsnjouoo-pauriopad sisAjeuy sio)pwedled 1 AN el uopeoo | ainmonas jo adAL anbjuyoel 1aN aoualaey




56 USACERL TR 98/89

4 Discussion and Analysis

Modeling and Evaluation of Wood Structures

Figure 1 outlined the reasons for conducting structural evaluations. Figure 2
outlines a recommended evaluation procedure for heavy wood structures. The
procedure starts with collecting data through available documents and drawings
on the structure under consideration. Next, the site is inspected to verify the
collected data and to determine the current condition of members and joints be-
fore further analysis. This evaluation checks the structural adequacy of mem-
bers and joints. -This chapter discusses modeling techniques that yield a greater
level of accuracy.

Conventional procedures for the analysis of wood trusses are based on the as-
sumption that the member-end connections are either pinned or completely
rigid. Although these assumptions are not entirely consistent with actual condi-
tions, they have been accepted due to the simplification of analysis and design.
The actual connections of wood trusses are semi-rigid, allowing some relative .
movement between the joined members in the plane of the truss. The movement
may be axial, translational, or rotational due to concentric or eccentric forces in
the members. Axial or rotational deformation of the joints can be responsible for
a substantial proportion of the overall deformation of a structure. Often, such
deformation has a significant bearing on the internal force distribution.

Structural characteristics of joints are derived from full scale tests. Maraghechi
and Itani (1984) reported that axial and rotational stiffnesses of joints have no-
ticeable influence on member forces, while shear stiffness has little effect. In
trusses with large chord sizes, the effect of eccentricities may be significant and
should be taken into account. The three main mechanisms that identify failure
are; (1) capacity use of individual members or connections, (2) excessive defor-
mation caused by loss of stiffness of failed components, and (3) development of
an unstable structure caused by member or connection failure.
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Analytical Procedures for Modeling Wood Truss Joints

Several researchers (Maraghechi and Itani 1984; Lau 1987; Masse and Salinas
1988) have simulated the behavior of semi-rigid connections by means of
equivalent springs and fictitious members. This method either estimates or
calibrates the dimensions of the fictitious members according to joint stiffness.
Another method to include the behavior of semi-rigid connections in the analysis
is to modify the stiffness properties of the individual members having a semi-
rigid connection at one or both ends (Weaver and Gere 1986; Fu and Seckin
1988; Sasaki et al. 1988). This method entails mod1fy1ng the fixed end forces
and stiffness matrices of the members.

Gupta et al. (1992) reported that the predicted behavior of a truss depends on
the joint assumption. They concluded that the predicted maximum deflection of
a Fink truss with the semi-rigid joint assumption was 34 percent less than that
for the same truss with a pinned joint assumption. The predicted maximum
moment in the truss with semi-rigid joint assumption was 13 percent less than
that for the same truss with rigid joint assumption.

Influence of Fasteners and Bolts

If the fastener is longer than the sum of the thicknesses of the members being
connected, and the fastener is other than a dowel, then end conditions of the fas-
tener may affect the load-deformation behavior of the joint. The head and nut,
or the accompanying washers, will restrain the otherwise free rotation at the
ends of the fastener. This is especially important if the fastener ends can embed
into the joint members, as in the case of wood outer members. Although full ro-
tational fixity of the fastener ends may be modeled, this would occur dnly in spe-
cial joint configurations, or if steel outer members are used. The usual condition
would be in between free head rotation and full fixity or clamped ends.

For timber trussed structures with mechanical fasteners, most of the deflection
of the structure is due to slip in the joints. For statically indeterminate struc-
tures, such as chords, continuous over two or more spans, the stiffness of the
joints has considerable influence on the bending moment distribution.

Mechanical fasteners have enjoyed widespread popularity in wood construction.
Although small dowel type connectors, e.g., nails and spikes, have dominated
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light frame building, bolted joints in wood are commonly used in heavy timber

~ construction. Ease of installation, inspection, and repair; high load-carrying ca-
pacity; amenability to field assembly; and low cost are only a few of the reasons
for the popularity of bolted joints.

A great deal of work has been performed to predict bolted joint behavior based
on double shear connections subjected to uniaxial, lateral loads. This is the ra-
tionale since bolted joints routinely experience loading of this type in many ap-
plications. However, there are some structural applications in which bolted
joints are exposed to combined bending and tension. There are cases in which
load is applied parallel to the bolt axis. '

The problem of quantifying the mechanical behavior of bolted joints subjected to
bending/tension is quite complex. Numerous issues contribute to this complex-
" ity including the many sources of material and geometric nonlinearities associ-
ated with these joints. Localized material crushing at the support reaction, un-

der the washer, and at the loading point, contributes to the material nonlineari- - ...

ties in the system. Changing bearing area at the reaction as the applied load
lifts the wood off the resisting boundary is the largest source of geometric non-
linearity in the system.

When modeling a 3-D structure with material and geometric homogeneity in one
direction using the finite element method, it is common to simplify the problem
to 2-D. However, for bolted joints subjected to bending/tension loading, the di-
rection perpendicular to the plane of tip deflection does not exhibit homogeneity
at the bolt location. The inclusion of a steel bolt penetrating two pieces of wood
makes this degeneration problematic.

Modeling Wood Trusses

The actual connections of wood trusses are semi-rigid, i.e., some relative axial,
-translational, or rotational movement is allowed between the joined members in
the plane of the truss. The deformation of the joints has a great effect on the
overall deformation of a truss and often has a significant bearing on the internal
force distribution. The main objective of this task is to address this issue by
modeling two typical trusses, and to recommend a model for use in frame analy-
sis.

Linear finite element analysis was done, which consisted of modeling the wood
truss by using the finite element package “ALGOR.” To analyze the truss as a
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structural frame with members that possess different end boundary conditions,
three dimensional two-noded beam elements were used. A maximum of three
translational degrees-of-freedom and three rotational degrees of freedom were
defined at each node for the beam elements. ’

Basic Assumptions and Model Description of Fink Truss

The first truss considered in this study is a Fink truss. This truss has a 28 ft
(8.53 m) span, 5:12 slope, 5.833 ft (1.778 m) height, and is spaced 2 ft (0.61 m)
on center. All truss members are 2 x 4 in. (38 x 89 mm). Figure 3 presents the
modeled truss, including joint numbering and load distribution.

The material used for the truss members was Southern Pine wood with a
modulus of elasticity of 1600 ksi and density of 0.0197 lb/cu in. Joints 1 and 8
are heel joints; 3 and 7 are web joints; 5 is a tension splice joint; and 4 is a ridge
joint. One of the following four, different end conditions were used for each
member in accordance with model assumptions:

e both ends pinned
¢ both ends rigid
¢ one end rigid and the other end semi-rigid

¢ one end pinned and the other end semi-rigid.

Snow Load 30 psf (876 N/m)

VY YY VY Y Yvyyyy

3

5 7

VYIVYVYVYVYYYVY

Bottom Chord Dead Load 10 psf (292 N/m)

Figure 3. Modeled Fink truss with applied loads.
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To accomplish this study, six types of joint models were implemented. These
models are:

1. Truss type analysis (Pinned), where the web-members of a truss are pinned
at both ends to continuous top and bottom chords and the ridge, heel, and
tension splice joints are all assumed as pinned.

2. Frame type analysis (Rigid), where the web members are pinned to continu-
ous top chords and the ridge joint is pinned, while the heel, tension splice,
and web at the bottom chord joints are assumed as rigid. -

3. Semi-rigid analysis (Mod_1, Mod_2, Mod_3, and Mod_4), where the web
members are pinned to continuous top chords and the ridge joint is pinned,
while the heel, tension splice, and web at the bottom chord joints are as-

~sumed as semi-rigid, i.e., these joints have some axial and rotational stiff-
nesses. This variation in axial and rotational stiffnesses was achieved by the
variation of the axial rigidity (EA) and bending rigidity (EI).

The reduction in axial rigidity and rotational rigidity was achieved by reducing
the cross-sectional areas of the heel, tension splice and web for the bottom chord
member joints. The semi-rigid models (Mod_1, Mod_2, Mod_3, and Mod_4) have
Y-in. long members with reduced dimensions for the heel (members 1-2 and 6-
8), web (members 2-3, 3-4, 4-7, and 6-7) and tension splice (members 3-5 and 5-
7) at the bottom chords of 1% x 2% in., 1 x 2 in., % x 1%2in. and % x 1 in., respec-
tively. Table 24 lists the section properties for the 12 in. long edge elements used
in the four semi-rigid models.

Basic Assumptions and Model Description of Large Timber Truss

The second truss considered in this study was a large timber truss. The truss
has a 100 ft span, 1:25 slope, 12-ft height, with panels spaced at 100 ft, and a
25-ft spacing between trusses. Table 25 shows truss member sizes.

Figures 4 and 5 show the overall layout of the model including the element joint
and (node) numbering scheme. Southern Pine wood was used as the material
model with a modulus of elasticity of 1600 ksi. A 60 psf load was assumed,
which yielded a distributed load of 0.125 kips/in. actiﬂg along the entire length
of the truss.
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Table 24. Section properties for %-in. edge elements of semi-rigid models.

Property Semi-rigid models
Mod_1 Mod_2 Mod 3 Mod_4
Width,b, in. (mm) 1v(31.75) 1(25.40) %(19.05) 14(12.70)
Depth,h, in. (mm) 212(63.50) 2(50.80) 112(38.10) 1(25.40)
Area,A, in.2 (mm®) 3.125(2016) 2.000(1290) 1.125(725.8) 0.500(322.6)
Shear area (strong axis),Sa,, in.” (mm°) 2.655(1713) 1.699(1096) 0.956(616.8) 0.425(274.2)
Shear area (weak axis),Sa,, in.” (mm?) 2.655(1713) 1.699(1096) 0.956(616.8) 0.425(274.2)
TJorsional moment of inertia,J,, in.* (mm*) 1.118(465347) | 0.458(190634) | 0.145(60354) | 0.029(12071)
Moment of inertia (strong axis),l,, in. (mm*) | 1.628(677625) | 0.667(277626) | 0.211(87825) | 0.042(17482)
Moment of inertia (weak axis),|,, in.' (mm*) 0.407(169406) | 0.167(69511) 0.053(22060) | 0.010(4162)
Section modulus (strong axis),S,, in.* (mm°) 1.302(21336) 0.667(10930) . 0.281(4605) 0.083(1360)
Section modulus (weak axis),S,, in.’ (mm®) 0.651(10668) 0.333(5457) 0.141(2311) 0.042(688.3)
where:
A=bxh
Sa,=Sa,=A/1.177
1 b 4
J1=—-0.21(—)1- LA | FNR
3 h 12 (b9
l,L=bh*/12 and |,= hb’/12
S,=2l,/h and §,=21,/b
Table 25. Nominal dimensions for elements in large timber truss.
Element Numbers Nominal Dimension
1-24 2-4in.x12in.
42-45 3x8in.
38-41, 46-49 3x12in.
30-32 6x 6in.
29, 33 8 x 10in.
27,28, 34, 35 6x 12in.
25, 26, 36, 37 6x 14 in.
1) 4 15 13 17 19 28 21 2 2 2
o e By ex | W& s YV ¥V Vs Ve ¥V Vs
1 2 3 4 5 6 7 8 9 10 11 12
Figure 4. Large timber truss model with element numbers.
! 2 3 4 S 6 13

Figure 5. Large timber truss model with node numbers.
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Three separate analyses were performed to evaluate the influence of joint rigid-
ity on the overall behavior of the truss and the redistribution of forces. These
analyses were: )

1. Truss type analysis (Pinned), where the web members of a truss are pinned.
at both ends to continuous top and bottom chords

2. Frame type analysis (Rigid), where the web members are rigidly connected
at both ends to continuous top and bottom chords

3. Semi-rigid analysis, where the web members are semi-rigidly connected to
continuous top chords, i.e., these joints have some axial and rotational stiff-
nesses. This variation in axial and rotational stiffnesses was achieved by the
variation of the axial rigidity (EA) and bending rigidity (EI).

The reduction in-axial and rotational rigidity was achieved in exactly the same
way as the Fink Truss model. In this analysis though, only one semi-rigid model
was used, with the %-in. long edge members having a 50 percent reduction in
area and moment of inertia.

Results of Analyzed Fink Truss Models

Tables 26, 27, and 28 list the results of the internal forces (axial and shear forces
and moments) for the three different models (Pinned, Rigid and Semi-rigid).
Figure 6 shows the moment diagram for the semi-rigid truss model is shown in,
while Figure 7 shows the shear diagram. Figures 8, 9, and 10 show the moment
diagrams for the top chords, bottom chords and web members for the semi-rigid
truss model, respectively. The results of the internal forces in the top chords of
the truss for the three different models indicated that the axial forces and mo-
ments are slightly different. The results of the internal forces in the bottom
chords of the truss for the three different models (Table 27), indicated that the
axial forces and moments are different. The difference between axial forces was

small. However, the difference between moments was particularly significant. = .

For example, the moments at the i-end of member 5-7 are 0 lb-in. (Pinned),
887.4 lb-in. (Rigid) and 340 1b-in. (Semi-rigid), and the moments at node j are
2613 Ib-in. (Pinned), 1726 lb-in. (Rigid) and 2226 Ib-in. (Semi-rigid). Figures 11
and 12 show the moments for member 5-7 at nodes i and j, respectively, for the
six different models. The change in the axial forces for the web members of the
three models was not significant (Table 27). However, there is a difference in
the resulting moments at node j in both members 2-3 and 6-7. That is attrib-
uted to the varying rotational stiffness in the joints for each case.
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Figure 6. Moment diagram for semi-rigid truss model.
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Figure 7. Shear diagram for semi-rigid truss model..
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Figure 9. Moment diagram for 